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The transitional stages induced by the interaction of the nonionic surfactant octyl glucoside 
(OcOse) on phosphatidylcholine liposomes were studied by means of transmission electron micro- 
scopy (TEM), light scattering and permeability changes. A linear correlation was observed between 
the effective surfactantnipid molar ratio (Re; three-stage model proposed for liposome solubiliza- 
tion) and the OcOse concentration in the initial and final interaction stages, despite showing almost 
a constant value during bilayer saturation. The bilayer/aqueous phase partition coefficient ( K )  de- 
creased in the subsolubilizing interaction steps and increased during solubilization. Thus, whereas 
a preferential distribution of surfactant monomers in the aqueous phase with respect to the lipid 
bilayers took place in the initial interaction steps, a larger association of OcOse molecules with 
these lipids in bilayers occured during solubilization. The initial steps of bilayer saturation (50- 
70% permeability) were attained for a lower free surfactant (S,) than that for its critical micellar 
concentration (cmc). When S, reached the OcOse cmc, solubilization started to occur (Rebat). Large 
unilamellar vesicles began to form as the OcOse exceeded 60 moVlOO mol, exhibiting for 65 mol/ 
100 mol (50% permeability) vesicles of approximately 400 nm. TEM pictures for 100% penneabil- 
ity (72 moV100 mol) and Re,, still showed unilamellar vesicles, albeit that the Resat TEM picture 
showing traces of smaller structures. Exceeding surfactant amounts led to a decrease in static light 
scattering; the vesicle-size curve began to show a bimodal distribution. The TEM picture showed 
tubular structures together with bilayer fragments. Thereafter, the open structures were gradually 
affected by the surfactant and the scattered intensity gradually decreased to a constant low value. 
Surfactants are indispensable reagents in the solubiliza- 
tion and reconstitution of membrane proteins [I -31. The 
need to find effective and predictable means to solubilize and 
reconstitute these membranes, and to scale the reconstitution 
protocols for biological research or pharmacological applica- 
tions, is one reason for interest in the nuances of membrane- 
surfactant interactions. Thus, a number of studies have been 
devoted to the understanding of the principles governing the 
interaction of surfactants, using simplified membrane models 
as phospholipid bilayers [4-71. This interaction leads to the 
breakdown of lamellar structures and the formation of lipid- 
surfactant mixed micelles. A significant contribution has 
been made by Lichtenberg [S], who postulated that the criti- 
cal effective surfactant/lipid ratio (Re) producing saturation 
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lipid molar ratio; Re,,, effective surfactanflipid molar ratio for bi- 
layer saturation ; Re,,,, effective surfactanflipid molar ratio for bi- 
layer solubilization ; K,  bilayer/aqueous phase surfactant partition 
coefficient; S ,  surfactant concentration in the aqueous medium; S,, 
surfactant concentration in the bilayers ; PL, phospholipid ; FID, 
flame ionization detection system; P. I., polydispersity index; cmc, 
critical micellar concentration ; 1-2, regression coefficient. 
and solubilization depends on the surfactant critical micellar 
concentration (cmc) and on the bilayer/aqueous medium dis- 
tribution coefficients (a, rather than on the nature of the 
surfactants. 
The solubilization and reconstitution of lipid bilayers by 
surfactants have been the subject of a number of mechanistic 
speculations where open bilayer fragments appear as crucial 
intermediates both in the closure and solubilization processes 
[9-111. The mechanisms of this transition are far from 
understood since a detailed description of the process has yet 
to be given. One of the most commontly used amphiphilic 
compounds in membrane solubilization and reconstitution 
experiments is the nonionic surfactant octyl glucoside 
(OcOse), which is believed to be a ‘mild’ surfactant with 
respect to its denaturing effect on proteins, and shows a rela- 
tively high cmc, this characteristic being suitable for bilayer 
reconstitution [12- 171. 
In earlier papers, we studied some parameters inplicated 
in the interaction of surfactants with liposomes at subsolubi- 
lizing and solubilizing concentrations [18 -201. In the present 
work, we seek to extend our investigations by characterizing 
in detail the overall process involved in the interaction of 
OcOse with phosphatidylcholine liposomes, at both subso- 
lubilizing and solubilizing levels. To this end, we present 
transmission electron microscopy (TEM) pictures and vesicle 
distribution curves of OcOse/phosphatidylcholine systems 
for different stages of this interaction. This information, to- 
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gether with the comparative study of the Re and K parameters 
throughout the process, may enhance our understanding of 
the complex phenomenon involved in the lamellar/micelle 
transition process of liposome solubilization and reconstitu- 
tion by surfactants. 
EXPERIMENTAL PROCEDURES 
Materials 
Phosphatidylcholine (PtdCho) was purified from egg lec- 
ithin (Merck) according to the method of Singleton [21] and 
was shown to be pure by TLC. The nonionic surfactant 
OcOse was purchased from Sigma Chemicals Co. Triton X- 
100 (octylphenol polyethoxilated with 10 units ethylene ox- 
ide and active matter of 100%) was purchased from Rohm 
and Haas. Pipes buffer, obtained from Merck, was prepared 
as 10 mM Pipes adjusted to pH 7.20 with NaOH, containing 
11 0 mM Na,SO,. Polycarbonate membranes and membrane 
holders were purchased from Nucleopore. The starting mate- 
rial 5(6)-carboxyfluorescein, (CF) was obtained from East- 
man Kodak and further purified by a column chromato- 
graphic method [22]. 
Methods 
Liposome preparation 
Unilamellar liposomes of a defined size (approximately 
200 nm) were prepared by extrusion of large unilamellar ves- 
icles previously obtained by reverse-phase evaporation [ 151. 
A lipidic film was formed by removing the organic solvent 
by rotatory evaporation from a chloroform solution of 
PtdCho. The lipid was then redissolved in diethyl ether, and 
Pipes buffer was added to the solution of phospholipid (sup- 
plemented with 10 mM CF dye when studying bilayer per- 
meability). Gentle sonication led to the formation of a water/ 
oil-type emulsion. After evaporation of the ethyl ether under 
reduced pressure, a viscous gel was formed. Elimination of 
the final traces of the organic solvent at high vacuum trans- 
formed the gel into a liposome suspension in which no traces 
of ether were detectable by NMR [23]. Unilamellar vesicles 
were obtained by extrusion of vesicle suspensions through 
800 - 200-nm polycarbonate membranes to achieve a uni- 
form size distribution [24]. To study the bilayer permeability 
changes, vesicles containing CF were freed of unencapsu- 
lated fluorescent dye by passage through Sephadex G-50 me- 
dium resin (Pharmacia) by column chromatography. The 
range of phospholipid concentrations in liposomes was 1 .O- 
10.0 mM. 
Determination of lipid bilayer concentration 
and particle size distribution 
The phospholipid concentration of liposomes was deter- 
mined using TLC coupled to an automated ionization detec- 
tion (FID) system (Iatroscan MK-5, Iatron Lab. Inc.) [25]. 
The vesicle size distribution and the polydispersity index 
(P. I.) of liposomes after preparation and during the interac- 
tion with OcOse were determined with a Photon correlator 
spectrometer (Malvern Autosizer 4700c PSMV). The studies 
were made by particle number measurement at 25°C and 
with a lecture angle of 90". After preparation, the vesicle 
size distribution varied very little (lipid concentration 1 .O- 
10.0 mM) showing, in all cases, a similar value of approxi- 
mately 200 nm (P. I. lower than O.l) ,  thereby indicating that 
the size distribution was very homogeneous. 
Solubilizing parameters 
When defining the parameters related to the solubiliza- 
tion of liposomes, it is essential to consider that the mixing 
of lipids and surfactants is not ideal due to the specific in- 
teractions between both components, which has been demon- 
strated for a variety of amphiphiles [26, 271. In order to eval- 
uate the alterations caused by the OcOse on lipid bilayers, 
the effective surfactant/phospholipid molar ratio Re in an ag- 
gregate (liposome or micelle) is defined as follows [ X I :  
[total surfactant] - [surfactant monomer] 
[total phospholipid] - [phospholipid monomer] 
(1) 
The second term of the denominator is negligible due to 
the low solubility of phospholipid in water. Likewise, it is 
generally admitted that an equilibrium partition of surfactants 
between bilayer and the aqueous medium governs the incor- 
poration of surfactants into liposomes, thereby producing sat- 
uration and solubilization of these structures. 
In the analysis of the equilibrium partition model pro- 
posed by Schurtenberger [28] for bile salt/lecithin systems, 
Lichtenberg [8] and Almog et al. [13] have shown that, for 
a mixing of lipids (at a phospholipid concentration PL) and 
surfactant (at a concentration S,), in dilute aqueous media, 
the distribution of surfactant between lipid bilayers and aque- 
ous media obeys a partition coefficient K ,  given (in d-') 
Re = 
by 
(2) 
S B  K =  
[PL + S,] . s, ' 
where S, is the concentration of surfactant in the bilayers 
(mM) and S, is the surfactant concentration in the aqueous 
medium (mM). For PL >> S,, the definition of K,  as given by 
Schurtenberger, applies : 
( 3 )  
Re SB - ~ K =  
(PL.SW) s w  ' 
where Re is the above-mentioned ratio of surfactant to phos- 
pholipid in the vesicle bilayer (Re = S,/PL). Under any other 
conditions, Eqn(2) has to be employed to define K ;  this 
yields : 
Re 
S, [1 + Re] K =  (4) 
This approach is consistent with the experimental data 
offered by Lichtenberg [8] and Almog [13] for different sur- 
factant phospholipid mixtures (including the OcOsePtdCho 
system) over wide ranges of Re values. Given that the range 
of phospholipid concentrations used in our investigation is 
similar to that used by Almog to test his equilibrium partition 
model, the K parameter has been determined using this equa- 
tion. 
The determination of these parameters can be carried out 
on the basis of the linear dependence existing between the 
surfactant concentrations required to achieve these parame- 
ters and the phospholipid concentration in liposomes which 
can be described by the equation: 
S, = S, + Re.  [PL], ( 5 )  
where the Re and the aqueous concentration of surfactant 
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(S,) are in each curve the slope and the ordinate at the origin 
(zero phospholipid concentration), respectively. 
The surface tensions of buffered solutions containing 
increasing concentrations of OcOse were measured by the 
ring method [29] using a Kriiss tensiometer. The cmc of the 
OcOse was determined from the abrupt change in the slope 
of the surface tension values versus the surfactant concentra- 
tion, showing a value of 18.0 mM. 
Permeability alterations and solubilization of liposomes 
The permeability alterations caused by OcOse were de- 
termined by monitoring the increase in the fluorescence in- 
tensity of the liposome suspensions due to the CF released 
from the interior of vesicles to the bulk aqueous phase [22]. 
Fluorescence measurements were performed with a Shi- 
madzu RF-540 spectrofluorophotometer. On excitation at 
495 nm, a fluorescence maximum emission of CF was ob- 
tained at 515.4 nm. The fluorescence intensity measurements 
were taken at 25°C. The amount of CF released was calcu- 
lated by means of the equation: 
100, CF release = ___ . 1, - 10 
I ,  - I n  
where 10 is the initial fluorescence intensity of the CF-loaded 
liposome suspension in the absence of surfactant, and Z, is 
the fluorescence intensity measured 40 min after adding the 
surfactant solution to a liposome suspensions. This interval 
was chosen as the minimum period of time needed to achieve 
a constant level of CF release for the lipid concentration 
range used (1 .O-10.0 mM). The experimental determination 
of this time interval is indicated in the Results and Discus- 
sion. 1, corresponds to the fluorescence intensity remaining 
after the complete destruction of liposomes by the addition 
of Triton X-100 aqueous solution [22]. 
With regard to liposome solubilization, it has been pre- 
viously demonstrated that static light scattering constituted a 
very convenient technique for the quantitative study of the 
bilayer solubilization by surfactants [6]. Accordingly, the sol- 
ubilizing perturbation produced by OcOse in PtdCho lipo- 
somes was monitored using this technique. The overall solu- 
bilization can be mainly characterized by two parameters 
termed Re,, and Reco,, according to the nomenclature adopted 
by Lichtenberg [30], corresponding to the Re ratios at which 
light scattering starts to decrease and shows no further 
decrease. These parameters corresponded to the OcOseAipid 
molar ratios at which the surfactant (a) saturated liposomes 
and (b) led to a complete solubilization of these structures. 
Liposomes were adjusted to the adequate lipid concentra- 
tion (from 1.0 mM to 10.0 mM). Equal volumes of the ade- 
quate surfactant solutions were added to these liposomes and 
the resulting mixtures were left to equilibrate for 24 h. This 
time was chosen as the optimum period needed to achieve a 
complete equilibrium surfactant/liposome for the lipid con- 
centration range used [6]. 
Light scattering measurements were performed using the 
spectrofluorophotometer at 25 "C with both monochromators 
adjusted to 500 nm. The assays were carried out in triplicate 
and the results given are the average of those obtained. 
Electron microscopy 
A Hitachi H-600AB transmission electron microscope 
operating at 75 kv was used. Carbon-coated copperlpalla- 
dium grids G-400 mesh, 0.5 Taab with 0.5% E 9.50 collod- 
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Fig. 1. Change in CF release induced by the nonionic surfactant 
OcOse on unilamellar PtdCho liposomes the bilayer lipid con- 
centration ranging over 1.0-10.0 mM. 
ium films in n-amylacetate were employed. A drop of the 
vesicular solution was sucked off the grid and, after 1 min, 
with filter paper down to a thin film. Negative staining with 
a drop of 1 % uranyl acetate was performed. After 1 min, this 
drop was again removed with filter paper and the resulting 
stained film was dried in a dust-free place. 
RESULTS AND DISCUSSION 
Parameters involved in the interaction OcOsehiposomes 
It is known that, in surfactant/lipid systems, complete 
equilibrium may take several hours [6, 81. However, in sub- 
solubilizing interactions, a substantial part of the surfactant 
effect takes place within approximately 30 min after its addi- 
tion to the liposomes [31]. 
In order to determine the time needed to obtain a constant 
rate of CF release of liposomes in the range of the phospho- 
lipid concentration investigated (1.0 mM and 10.0 mM), a ki- 
netic study of the interaction of OcOse with liposomes was 
carried out. Liposome suspensions were treated with dif- 
ferent concentrations of surfactant at subsolubilizing concen- 
trations, and subsequent changes in permeability were 
studied as a function of time. The permeability kinetics were 
similar for each system tested. Approximately 40min was 
needed to achieve a constant level of CF release. Hence, 
changes in permeability were studied 40 min after addition 
of surfactant to the liposomes at 25°C. The CF release of 
liposome suspensions in the absence of surfactant 40 min af- 
ter preparation was negligible. 
In order to determine the partition coefficients of surfac- 
tant between aqueous media and lipid bilayers at subsolubi- 
lizing level, a systematic investigation of liposome perme- 
ability changes caused by the addition of surfactant was car- 
ried out. To this end, changes in the CF released from lipo- 
somes versus surfactant concentration were determined 
40 min after surfactant addition at 25 "C. The results obtained 
are plotted in Fig. 1. The surfactant concentrations resulting 
in different amounts of CF release were graphically obtained 
and plotted versus the phospholipid concentration (Fig. 2) .  
An acceptable linear relationship was established in each 
case. The straight lines obtained correspond to the aforemen- 
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Fig. 2. Surfactant concentrations resulting in the different amounts of CF release versus the phospholipid concentration of liposome 
suspensions. 
Table 1. Solubilizing parameters corresponding to the different stages of the interaction OcOse/PtdCho. Surfactant to phospholipid 
molar ratios (Re), partition coefficients (K)  and surfactant concentrations in the aqueous medium (S,) resulting in the overall interaction 
of OcOse with PtdCho unilamellar liposomes. The regression coefficients of the straight lines obtained are also included. 
CF release S, Re P K Light scattering S, Re P K 
% 
10 
20 
30 
40 
50 
60 
70 
80 
90 
100 
mM 
1.8 0.20 
3.4 0.40 
5.3 0.60 
7.2 0.80 
9.1 1 .OO 
10.0 1.05 
11 .0 1.10 
12.0 1.14 
12.95 1.16 
13.9 1.18 
0.988 
0.991 
0.992 
0.995 
0.995 
0.992 
0.993 
0.994 
0.991 
0.989 
mM-' 
0.092 
0.084 
0.070 
0.061 
0.054 
0.051 
0.047 
0.044 
0.041 
0.038 
% 
I00 
90 
80 
70 
60 
50 
40 
30 
20 
10 
0 
mM 
17.80 
17.85 
17.90 
17.95 
17.97 
18.00 
18.06 
18.12 
18.18 
18.23 
18.30 
1.30 
1 .50 
1.75 
1.95 
2.20 
2.40 
2.67 
2.90 
3.15 
3.35 
3.60 
0.992 
0.990 
0.991 
0.991 
0.992 
0.993 
0.994 
0.993 
0.991 
0.990 
0.990 
mM-' 
( 1.03 1 
1).033 
0.035 
0.036 
0.038 
0.039 
0.040 
0.041 
0.041 
0.042 
0.042 
tioned Eqn 5 from which the Re and K parameters were de- 
termined. These results, including the free surfactant concen- 
tration S ,  and the regression coefficients of the straight lines, 
are given in Table 1. An opposite tendency in the evolution 
of both the Re and K parameters was observed as the amount 
of CF release increased. Thus, whereas Re showed an 
increase, K progressively decreased. Furthermore, the S, 
values increased as the CF released rose. Bearing in mind 
that the OcOse cmc experimentally obtained was 18.0 mM, 
the S, values were, in all cases, clearly lower than its cmc, 
thereby confirming that permeability alterations were deter- 
mined by the action of surfactant monomer. 
In accordance with the procedure described by Urbaneja, 
the solubilizing interaction OcOse/liposomes was studied 
through the changes in the static light scattered by these sys- 
tems 24 h after the addition of surfactant [6]. Fig. 3 shows 
the solubilization curves of liposome suspensions (lipid con- 
centration 1 .O- 10.0 mM) arising from the addition of 
increasing amounts of OcOse. At low surfactant concentra- 
tion, an initial increase in the static light scattering was ob- 
served in all cases, due to the incorporation of surfactant 
molecules into bilayers, the maximum values being reached 
for bilayer saturation. Increasing amounts of surfactant led 
to a fall in the scattered intensity until a low constant value 
for bilayer solubilization was reached. The surfactant con- 
centrations producing different light scattering amounts were 
obtained by graphical methods. Plotting the surfactant con- 
centration versus the lipid concentration, curves were ob- 
tained in which an acceptable linear relationship was also 
established in each case. The corresponding Re and K param- 
eters were determined from these straight lines (Eqn 5) and 
are also given in Table 1. It should be noted that, in the 
solubilizing process, the Re values increased as the static 
light scattering amounts decreased, the values obtained for 
Re,,, and Re,,, being in agreement with those previously re- 
ported [13, 1.51. A similar tendency was observed for the K 
values, despite showing a maximum in the final solubilizing 
stages. This parameter during solubilization may be regarded 
as a dynamic equilibrium between the different transition 
structural stages from lipid bilayers to mixed micelles. 
Furthermore, the free surfactant concentration (S, ) was al- 
ways similar to the OcOse cmc. 
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Fig. 3. Change in static light scattering of PtdCho unilamellar liposomes, due to the presence of the OcOse surfactant, the bilayer 
lipid concentration ranging over 1.0-10.0 mM. 
Fig. 4 shows the variation in Re (Fig. 4A) and K 
(Fig. 4 B) parameters versus the surfactant concentration, 
throughout the interaction OcOseAiposomes, the lipid con- 
centration remaining constant (5.0 mM). The surfactant con- 
centrations producing subsolubilizing and solubilizing alter- 
ations are also indicated. A linear correlation took place be- 
tween Re and the surfactant concentration in the initial in- 
teraction steps (10-50% CF release). Increasing amounts of 
surfactant resulted in a lower Re increase, which almost 
reached a constant value for 100% CF release. The extrapola- 
tion of this curve (discontinuous line) led directly to the ini- 
tial Re value for bilayer solubilization (100% light scattering, 
Re,,,). Further amounts of surfactant again resulted in a linear 
rise in Re (this time more marked) until vesicles were com- 
pletely solubilized. 
As for the K parameter (Fig. 4B), a decrease was ob- 
served at subsolubilizing interactions, this tendency being 
more pronounced in the CF release range 20-60%. The ex- 
trapolation of this line (discontinuous line) also led directly 
to the initial K value for bilayer solubilization (100% light 
scattering, Re,,). Additional amounts of surfactant resulted 
in a slight rise in K ,  despite showing a constant value in the 
vicinity of the complete solubilization of liposomes. 
From these results, it may be assumed that the molecular 
interaction OcOsePtdCho appears to be correlated with the 
different structural organization of both components through- 
out the process (bilayer structures or mixed micelles). Thus, 
the low increase in Re prior to bilayer solubilization (50- 
100% CF release) may be correlated to the bilayer saturation 
by OcOse. However, the opposite tendencies of both Re and 
K shows that a preferential distribution of surfactant mono- 
mers in the aqueous phase with respect to the lipid bilayers 
governs the partition of OcOse molecules during this interac- 
tion range. Hence, two simultaneous processes took place 
in the transitional steps prior to bilayer solubilization ; the 
saturation of bilayers by surfactant and the preferential 
increase in the free surfactant concentration S, The transi- 
tional steps 50% CF release - 100% light scattering corre- 
sponded to the interval in which surfactant saturated bilayers. 
Greater surfactant concentration than that required for 
100% light scattering resulted in an increase in the both Re 
and K, i.e. the main bulk of surfactant molecules was prefer- 
entially incorporated into bilayers to form mixed micelles 
until total bilayer solubilization, the aqueous surfactant re- 
maining almost constant with a concentration similar to that 
of the cmc. The relationship observed between the Re and K 
parameters and the surfactant concentration maintained 
throughout the process can be regarded as a new approach 
with respect to results previously reported by Ueno et al. 
[32] where, for low free octyl glucoside concentrations, the 
partition coefficient was considered independent of the sur- 
factant concentration. 
The variation in S, and S, versus the surfactant concen- 
tration for the same lipid concentration (5.0 mM) is plotted 
in Fig. 5. In the subsolubilizing stages, both S, and S, 
increased linearly until 50% CF release, the slope of S, be- 
ing more pronounced. Further amounts of surfactant resulted 
in a sharp rise in S, and a lower increase in S,, until 100% 
CF release. The extrapolation of these curves (discontinuous 
lines) led, in both cases, to the initial values of bilayer solubi- 
lization (100% light scattering). At this point, S, was similar 
to the surfactant cmc. Further amounts of surfactant resulted 
in a sharp linear increase in Se and in an almost constant S, 
value, until bilayer solubilization. The behaviour of these two 
parameters during the overall process confirms the preferen- 
tial presence of surfactant monomers in the aqueous phase in 
the subsolubilizing interaction steps and the larger associa- 
tion of surfactant molecules with PtdCho in bilayers during 
solubilization. 
Comparison of Figs 4A and 5 shows that the initial step 
of bilayer saturation (50-70% CF release) was attained ap- 
proximately for 9.1 - 11 .0 mM free surfactant concentrations 
(approximately 50-60% of the surfactant cmc). The Re,,, 
parameter (indicated in these figures) corresponds to the ex- 
act surfactant/phospholipid molar ratio needed for the initia- 
tion of the bilayer solubilization via mixed micelle formation. 
The surfactant concentration corresponding to this Re,, for 
each lipid bilayer concentration may be considered the cmc 
of the new surfactant/phospholipid mixed system formed. 
The tendency observed in the extrapolated lines of Figs 4 and 
5 could shed some light on the progressive trend existing in 
both the achievement of the complete bilayer saturation and 
the rise in the S, values until the surfactant cmc. 
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Fig.4. Variations in Re and K during the interaction of OcOse/PtdCho liposomes. (A) plots the variation in the effective surfactant/ 
phospholipid molar ratio (Re) versus the surfactant concentration during the overall interaction of OcOsePtdCho liposomes, the lipid bilayer 
concentration remaining constant (5.0 mM). (B) plots the variation in the partition coefficient ( K )  versus the surfactant concentrations 
during the overall interaction of OcOsePtdCho liposomes, the bilayer lipid concentration also remaining constant (5.0 mM). 
Dynamic light scattering determinations 
and TEM pictures 
A systematic investigation, based on dynamic light scat- 
tering measurements and TEM observations, was carried out 
in order to elucidate some specific transitional steps involved 
in the interaction OcOse/liposomes. To this end, ten repre- 
sentative surfactant/liposome systems were studied. The cor- 
responding experimental points are indicated in the curve of 
static light scattered by 10.0 mM phospholipid liposomes in 
Fig. 3. The vesicle size distribution (nm) and the polydisper- 
sity index of each system is given in Table 2. Fig. 6 shows 
some representative TEM microphotographs of these sys- 
tems. 
For pure vesicle preparations (Fig. 6, point 1) the TEM 
picture showed unilamellar bilayers, the vesicle size distribu- 
tion curves giving a monomodal distribution (200 nm). Large 
unilamellar vesicles began to form as the surfactant concen- 
tration exceeded 60 moU100 mol (approximately 40% of CF 
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Fig. 5. Variations of surfactant concentration in bilayers (S,) and in the aqueous medium (S,) versus the total surfactant concentra- 
tion in the system during the overall interaction of OcOsePtdCho liposome suspensions, the bilayer lipid concentration remaining 
constant (5.0 mM). 
Table 2. Vesicle size distributions and polydispersity indexes re- 
sulting in the interaction OcOselPtdCho. The liposome lipid con- 
centration was constant (1O.OmM). The 10 samples are numbered 
in accordance with the OcOse/phospholipid systems (numbered 
samples) indicated in Fig. 3. M, monomodal; B, bimodal. 
Sample Curve distribution Average Polydis- 
(vesicle number) mean persity 
type 1st peak 2nd peak 
index 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
nm % 
- M -  
M -  
M -  
M -  
B 57 4.3 
B 57 6.4 
B 57 8.4 
B 57 18.3 
M 57 23.1 
M 57 23.6 
- 
- 
- 
nm 
200 
400 
400 
365 
345 
258 
190 
109 
- 
- 
% 
23.4 
23.3 
23.3 
23.2 
19.3 
16.9 
14.8 
5.1 
- 
- 
nm 
200 
400 
403 
365 
293 
203 
142 
68 
57 
57 
0.100 
0.150 
0.180 
0.203 
0.252 
0.231 
0.215 
0.205 
0.180 
0.154 
release). The surfactant amount used to indicate the concen- 
tration was based on the total amount of PtdCho and OcOse 
in the sample. Unilamellar vesicles of approximately 400 nm 
diameter were observed for 65 moV100 mol (Fig. 6, point 2) 
corresponding to 50% CF release, the curve of vesicle size 
showing a monomodal distribution (P. I., 0.150). As dis- 
cussed previously, this point is correlated with the initial step 
of bilayer saturation. These data offer a new mechanistic ap- 
proach with respect to the findings previously reported by 
Almog et al. [13], who reported a rise in vesicle size when 
the Re parameters exceeded 1.4, i.e. a surfactant concentra- 
tion in bilayers clearly higher than that needed in our case. 
The size distribution curve corresponding to point 2 (Fig. 6) 
together with the TEM picture provides new information 
with respect to that reported by Vinson et al. [33] who 
studied this interaction using the Cryo-TEM technique. Thus, 
whereas Vinson et al. [33] reported a drastic decrease in the 
vesicle size for approximately 62-63 moV100 mol, we de- 
tected, in this interaction step, (approximately point 2, Fig. 6) 
the maximum growth of the vesicles. 
Additional surfactant amounts (interaction steps corre- 
sponding to SO-100% CF release) led to the presence of 
unilamellar vesicles with a similar vesicle size. Thus, the 
size distribution curve of point 3 (corresponding to 100% CF 
release, 72 moVlOO mol OcOse, Fig. 6), shows vesicles of 
approximately 400 nm, although with a slight increase in the 
P. I. (0.180) (Table 2). The TEM observation of points 2 and 
3 (Fig. 6) confirm the maximum growth of vesicles for a 
OcOse concentration that was lower than that for the Re,,, 
and for a smaller S, than the surfactant cmc. Increasing sur- 
factant concentrations resulted in a slight fall in the vesicle 
size. Thus, for 75 moV100 mol (point 4 in Fig. 6, correspond- 
ing to the Re,,, parameter), the vesicle size reached values of 
approximately 365 nm (P. I. = 0.203), the TEM picture still 
showing unilamellar vesicles, albeit with initial traces of 
smaller structures. When the surfactant concentration ex- 
ceeded 76 moV1OO mol, a progressive decrease in static light 
scattering occurred, the size distribution curves starting to 
show a bimodal distribution. Thus, for point 5 ,  (Fig. 6 ;  
78 moM00 mol OcOse) a sharp distribution curve appeared 
approximately at 57 nm, which corresponded to a new par- 
ticle size distribution (P. I., 0.252). The TEM picture for 
point 6 (Fig. 6, 80 moVlOO mol) showed tubular structures 
together with bilayer fragments. These structures were ob- 
served until the surfactant reached approximately 83 moV 
100 mol (Fig. 6, point 8). In this range of surfactant concen- 
trations, the size distribution curves still indicated an increase 
in the small particles (from 6.4% to 18.3%). Thereafter, the 
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Fig. 6. TEM microphotographs of OcOsePtdCho liposome systems when increasing the concentration of the surfactant, the lipid 
concentration remaining constant (10.0 mM). The six pictures shown are numbered in accordance with the OcOse/phospholipid systems 
(numbered samples) indicated in Fig. 3 .  
open structures were gradually affected by the surfactant and 
progressively worn away. When surfactant exceeded 83 moll 
100 mol [point 9, Fig. 6;  (84.4 moU100 mol), which corre- 
sponds to the Resol parameter and point 10 (Fig. 6 ;  87.1 moV 
100 mol)], the scattered intensity gradually decreased to a 
constant low value for bilayer solubilization. The size distri- 
bution curves of these two points again showed a single dis- 
tribution (particle size of approximately 57 nm and the P. I. 
ranging over 0.180-0.154), which corresponds to the forma- 
tion of surfactantllipid mixed micelles. 
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CONCLUSIONS 
From our results, we conclude that the molecular interac- 
tion OcOsePtdCho appears to be dependent on the different 
structural organizations of both components during the pro- 
cess (lipid bilayer structures or mixed micelles). Bearing in 
mind the nonlinear variation of the Re and K parameters ver- 
sus the surfactant concentration during the overall interaction 
process, we may assume that a significant variation in the 
free surfactant concentration takes place throughout the pro- 
cess. Thus, whereas a preferential distribution of surfactant 
molecules in the aqueous phase with respect to the lipid bi- 
layers occurs in the subsolubilizing interaction steps (simul- 
taneously to bilayer saturation), a larger association of OcOse 
molecules with lipids in bilayers take place during solubiliza- 
tion. 
The initial step of bilayer saturation was attained when 
the system achieved 50-70% CF release and for smaller free 
surfactant concentrations than that for the surfactant cmc. 
Further amounts of surfactant resulted in progressive satura- 
tion of bilayers together with an increase of free surfactant 
until reaching S, values similar to the surfactant cmc. Solu- 
bilization started to occur at this moment. 
TEM observations and the vesicle size distribution curves 
confirm the maximum growth of vesicles in the interaction 
transitional steps ranging over 50-100% CF release and, 
consequently, for a lower concentration than that for the Re,,, 
parameter. A slight fall in the vesicle size occurred when the 
surfactant concentration reached the Re,,,, the TEM pictures 
still showing unilamellar vesicles, albeit with traces of 
smaller structures. The Resat parameter corresponds to the ex- 
act surfactant/phospholipid molar ratio needed for the initia- 
tion of the bilayer solubilization via mixed micelle formation. 
This surfactant concentration may be considered as the cmc 
of the new surfactant/phospholipid mixed system for each 
lipid bilayer concentration. Increasing surfactant concentra- 
tion led to a gradual formation of tubular structures together 
with bilayer fragments. Thereafter, the open structures were 
gradually affected by the surfactant and progressively worn 
away until reaching the formation of mixed micelles. The 
size distribution curves for the Re,,, parameter again showed 
a single distribution, which corresponds to the surfactant/ 
lipid mixed micelles formed. 
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